A novel analytical sensing system has been designed for the characterization and discrimination of different detergents in water. This micro-sensor system could play a key role in the development of more efficient and environmentally-friendly washing machines by enabling the measurement of residual detergents. The sensing system comprises a dual shear-horizontal surface acoustic wave (SH-SAW) resonator sensor housed within a poly-dimethylsiloxane (PDMS) microfluidic chamber. Free and electrically-shorted SAW designs were used to analyze synthetic samples of liquid detergents with varying concentrations. Two anionic surfactants, namely sodium dodecylbenzene sulfonate and sodium laureth sulphate, and one non-ionic surfactant, polyoxyethylene (9.5) t-octylphenol have been studied. Dilution tests have been performed in order to determine the sensitivity or detection limit of this liquid sensing system and have been found to be ca. 10 ppm. The SAW based sensor system correctly classified all three detergents through the use of the transient signal response. Because the sensor operates without the need for a selective chemical or biological coating, it should be both robust and reliable. We believe that such technology could be used to make environmentallyfriendly and greener washing machines by minimizing the use of detergents and hot water.
Introduction
As a result of increasing environmental awareness, consumers demand "green products" that contribute to a sustainable society, and household washing machines are no exception [1] . The most significant environmental demands of washing machines are high energy and water consumption [2] . In recent years, the development of more energy efficient and environmentally-friendly washing machines has significantly progressed. The production weighted average consumption of washing machines in 2004 was 0.95 kWh/kg per wash for a 5 kg cotton load at 60ºC cycle. It is worth noting that in the period 1996 to 2004 there had been an efficiency improvement of about 20% [3] . The remarkable improvement in wash efficiency would not have been possible without the increased use of sensors to control the process parameters of wash cycles. Simple sensors, such as temperature sensors for controlling water heaters, pressure and weight sensors for regulating water levels, have been in use for a considerable time. However, more sophisticated smart sensor systems that enable the washing machine to 'make decisions' have been developed as a result of increasing performance and decreasing cost of sensors and microcontrollers. For example, a load-adjustment program is a frequently occurring function that is capable of reducing water and electricity consumption by up to 25%; from simply adjusting the amount of water needed according to the mass of laundry in the washing drum [4] . Monitoring and controlling washing processes via smart sensor systems enable lower water usage and precise dosing of detergents that, in combination with consumer education, will lead to reduced environmental impact and increased customer savings [5] . The common practice of users to over-dose detergents can be prevented by automatic dosage systems. Correct dosage of detergents raises the rinsing quality and reduces the amount of chemicals released to the environment [6] .
A laundry detergent composition generally comprises six groups of substances: surfactants, builders, enzymes, bleaching agents, fillers and other minor additives such as dispersing agents, fabric softening clay, dye-transfer inhibiting ingredient, and optical brighteners. Laundry detergents and household/personal-care products account for over half the use of all surfactants [7] . Incidentally, the term surfactant is an abbreviation for surface active agent, which literally means active at a surface [8] . Surfactants are the single most important ingredients in laundry and household cleaning products, comprising from 15% to 40% of the total detergent formulation [9] . According to the polar head group, surfactants used in detergent formulations can be classified chemically into four groups: anionics, non-ionics, cationics, and zwitterionics.
Nowadays, laundry detergents often contain a certain mixture of different types of surfactants to both strengthen their cleaning performance capability and remain mild to the skin of hands [10] .
Natural alkyl sulfates were first introduced in laundry detergents around 1932. Then, the lowcost class of surfactant called alkyl benzene sulfonates became the work-horse among synthetic surfactants. Originally, branched-chain alkyl benzene sulfonates (ABS) were replaced by linear alkyl benzene sulfonates (LAS), such as sodium dodecylbenzene sulfonate and sodium xylenesulfonate, which are readily biodegradable. In today's market, LAS is still a key low-cost surfactant and alkyl sulfates (AS) are simultaneously in use [8, 9] .
Non-ionic surfactants have been extensively used in the area of the laundry detergents and personal-care formulations in combination with anionic surfactants. The non-ionic surfactants are represented mostly by linear alcohol ethoxylates, with the alcohols being derived from either petrochemical raw materials or natural resources. They include alcohol ethoxylate (AE), alkylphenol ethoxylate (APE), methyl ester ethoxylate (MEE), ethoxylated amine, ethoxylated amide, alkyl polyglycoside (APG), polyethylene oxide-polyalkylene oxide diblock copolymer, etc. Different from anionic surfactants, the detergency of compositions containing non-ionic surfactants is not sensitive to hard water since no precipitation occurs in the presence of divalent ions. Furthermore, non-ionic surfactants can be used to deterge animal fibres (such as silk and wool) in order to avoid the ionic adsorption of surfactant on the amino groups in the fibres since electrostatic force does not work for non-ionic surfactants. Here we report on the study of the aqueous solutions, namely two anionic surfactants, sodium dodecylbenzene sulfonate (SDBS) and sodium laureth sulphate (SLS), and one non-ionic surfactant, polyoxyethylene (9.5) toctylphenol (Triton X 100). Generally, the mixture of anionic and non-ionic surfactants is tuned according to the specific applications and consumer needs [11] . Olsson indicated that the main surfactant in the standard detergent used is ABS, at about 7.5% of the dry weight of the detergent [1] . In their work Ivarsson et al. reduced concentrations of detergents starting from 11 to 6 (g/L), thus in turn resulting in a reduced concentration of ABS in the range of 870 -490 ppm [19] . But this could be further improved using only 360 ppm of SDBS and 120 ppm of SLS. As regards to the non-ionic surfactant etoxylated fatty alcohol (EOA), it is normally used at a concentration of ca. 200 ppm.
Chemical sensor systems have been designed that utilize partially-specific sensors, signal processing and pattern recognition algorithms; this has led to the emergence of rapid, low-cost and simple instruments for characterizing and classifying liquids [13] . Although a single chemical sensor normally have limited selectivity, employing a combination of sensors or sensor features that belong to different specificity classes can enhance performance. The sensing principle of liquid sensors is most commonly based on either electrochemical potentiometry [14] or voltammetry [15] more recently, upon acousto-electric sensing [16] .
The motivation for the work presented here is the development of environmentally-friendly washing machines by constructing a low cost, integrated sensor system that accurately and reliably detects residual detergent or surfactant concentrations. Such a sensor system enables the optimization of the rinsing and detergent dispensing processes in wash cycles and as a result, water consumption is decreased and safe levels of residual detergents in the laundry can be maintained. Significant research efforts have been directed towards the development of improved sensors that can measure residual detergents and surfactants [1] via titration [17] , chromatography [18] , voltammetry [19] and potentiometry [20] . Both titration and chromatography systems are difficult to integrate with washing machines; however, other sensor techniques such a voltammetric-based electronic tongue [19] or conductivity sensors have been proposed as solutions. But conductivity sensors can give reasonably accurate predictions about detergents, but perform poorly for non-conducting surfactants while the prediction of non-ionic surfactants using a voltammetric electronic tongue proved difficult [1] .
In this work, we investigate the feasibility of SAW microsensors being employed in a household washing machine to supervise rinsing cycles. This is of great interest because significant water and energy resources could be saved if not of all the rinses are necessary. Of equal importance is to detect the cases when the user puts too much detergent in the washing machine; this could be detected and extra rinses inserted in order to remove all the harmful detergent. In these cases the user can be alerted to avoid the unnecessary waste of detergent and, in addition, water and energy.
Here we report on the application of surface acoustic wave (SAW) sensors that have been widely used as liquid sensors due to their simplicity and versatility. Since the piezoelectric potential of the SAW extends into the adjacent liquid, its electrical (e.g. conductivity) and mechanical (e.g. density, viscosity) properties can be characterized by measuring the changes in the propagation characteristics (e.g. attenuation, phase and frequency) as the wave travels along the sensor surface. The extent of the penetration of this potential is equal to ca. 0.16 wavelengths [21] . For electrically-shorted (i.e. metalized) sensing surfaces, the electric field potential penetration is practically zero. Such devices are only sensitive to changes in the mechanical properties of the adjacent liquid.
The two main types of SAW device configuration are as delay line and resonator. Although delay lines have been successfully used to detect low concentration analytes [22] , their sensitivity is limited by low phase slope and issues regarding stability and reproducibility [23] .
Resonator configurations, however, offer perhaps a simpler, more robust and stable solution with minimal subsystem complexity [24] . Two-port resonators have been reported [25] to respond to both the conductivity  and the square root product of the density  and viscosity  of the liquid [25] .
Frequency response in a non-conducting viscous liquid
The basic theory of a piezoelectric sensor is that the frequency shift f from the unloaded crystal at base frequency f 0 for a viscous liquid l is approximately given by:
Where µ p is the shear modulus of the piezoelectric crystal and f 0 is the fundamental frequency of the piezoelectric device.
Because the density and shear modulus of the piezoelectric substrate are constants, we can rewrite equation (1) as simply:
where
Frequency response in an ionic liquid
The change in frequency has also been investigated for a conductivity ionic liquid and has been shown to be linear, i.e.
Where a and b are constants.
A detailed description of both the effects of the mechanical and electrical properties of a liquid on the attenuation and velocity of a two-port resonator has been reported by Nomura et al. [25] .
SH-SAW sensors have been successfully used in the food industry to test milk [16] , tea [26] and fruit juices [16] , and to characterize flavors [16] ; in healthcare to analyze blood [27] and urine [28] samples; and also to identify biologically relevant molecules [29] , to detect protein concentrations [30] , to characterize electrolytes in aqueous solutions without selective coatings [31] , and to detection of potassium ions [32] and pH changes [21] in liquids.
We have developed a robust, high sensitivity liquid phase acoustoelectric sensing system based on shear-horizontal surface acoustic wave (SH-SAW) devices to characterize detergents and surfactants at very low concentrations. The sensor comprises two dual two-port SH-SAW resonators and a miniature PDMS fluidic chamber to handle the liquid under test. Synthetic samples of different liquids/surfactants (baseline, SDBS, SLS and Triton X-100) were characterized.
Materials and methods

Principle of operation
SAW sensors measure the change of the propagation characteristics of the surface acoustic wave travelling along the sensor surface due to either electrical or mechanical changes in the adjacent medium. The SH-SAW wave generated on the lithium tantalate surface has an electric field that extends several micrometers into the liquid and the acousto-electric interaction with the liquid affects the velocity and/or attenuation of SH-SAW wave.
The changes in velocity v (proportional to phase ) and attenuation  can be related to both the conductivity  and dielectric permittivity  of the liquid, and also the viscosity  and the density  of the liquid (relative to a reference or baseline liquid) [25] .
And for a non-conducting viscous liquid this can be simplified to:
Where K s , k, and C are the coupling coefficients. A detailed description of these equations and the associated parameters in terms of sensitivity and temperature dependence can be found in [33] . Moreover the frequency shift of a piezoelectric material in a liquid gas has a similar form as was defined above in equation (2) .
For electrically shorted lithium tantalate surfaces, the electrical potential penetration into the surroundings is practically zero, thus, such devices are only sensitive to the mechanical changes in the adjacent liquid (equations 5a and 5b). By simultaneously employing both free and shorted devices, it is possible to gain insight into the chemical and physical phenomena responsible for the sensor responses to various liquid samples. The amplitude and phase response of the two sensor variations can be expressed as a complex function of the liquid physical properties. Since the shorted sensor measures mass loading and viscosity, while the free sensor measures permittivity and conductivity as well, the difference between the responses of the two sensors can identify whether mechanical or electrical perturbations are the primary factors in the sensor response.
Response to dissimilar liquids
The same principle applies to measuring the resonant frequency rather than the delay line characteristics of a SAW sensor with the simplified version of the frequency behaviour given by equation (2) . In this case the response of a shorted SAWR sensor is given by equation (2) and we can now determine the shift in frequency when we change from one liquid (perhaps a reference) to a second dissimilar liquid, as given by:
For the free devices we need to also consider the frequency shift for conductivity and that becomes from equation (3) (Yao et al. [34] ):
Response to a very similar liquid
If we make a small change to the properties of the liquid l, then we can determine the approximate frequency response of a shorted SAW device by applying the total differential theorem to equation (2) and we obtain two separate terms:
And so substituting into equation (8) for the two partial derivatives obtained from equation (2), we should observe that for a small change in the physical properties of a liquid:
For the free SAW device, we can also have a change in conductivity and so need to combine it to give an overall frequency response of:
The difference in frequency response between the free and shorted SAW devices is related to only the electrical properties of the liquid where:
Response to a similar liquid as a binary mixture
If we now make liquid 3 a mixture of liquid 1 (say reference) with x parts per million of liquid or compound 2, then the properties of liquid 3 can be approximately related to the physical properties of liquids 1 and 2 by:
So substituting into equation (10) for d l as ( 3 - 1 ) using equation (12a) etc gives:
To summarise, the shifts in the frequency of shorted s and free f SAW sensors are linearly proportional to the parts per million x d of compound 2 (e.g. detergent/surfactant d) and are given by:
where the coefficients are related to the physical properties of the liquids and piezoelectric parameters by,
And the difference in signal between the two devices being dependent on only the conductivity.
In the general case of discriminating between different liquid detergents (or surfactants) with free and shorted SAW devices, it will depend upon the relative importance of the density and viscosity coefficient α, and the ionic conductivity term β.
We can estimate the weightings of the frequency response for dissimilar liquids from equations (6) and (7), and for a similar liquid from equation (15) Table 1 . Supposing that the intrinsic viscosity [11] which considers viscosity relative where limit to zero concentration is linear in diluted solutions, and using 1.8, 2.62 and 5.5 cm 3 g -1 for SLS [35] , SDBS and Triton X-100 respectively, it is possible to obtain viscosity values of 100 ppm solutions (1.00018, 1.000262 and 1.00055 relative viscosity, respectively). It can be seen from this table that the difference in conductivity from SLS and SDBS from the baseline solution is much greater than the density or viscosity (or their product difference) and so likely to dominate the frequency response of the devices. For Triton X-100, the conductivity is the same as the baseline solution and so its response will be dominated by the viscosity and density terms.
Insert Table 1 
Sensors design and fabrication
The sensing elements of our analytical system are surface acoustic wave resonators (SAWR)
designed to operate at a frequency of 60. Figure 1 shows an optical micrograph of a free (a) and a shorted (b) dual SAW resonator sensor.
Insert Figure 1 The main advantage of the wide (~ 5 mm) sensing area is that the resonator sensors can be used in a delay path configuration where changes in the attenuation and the phase velocity of the surface acoustic wave propagating from one IDT to the other is measured. This enables rapid characterization of sensor responses to the target analytes using a network analyzer without the need for additional circuitry. In practice there is a strong correlation between SAW frequency and delay line attenuation.
In order to test the SH-SAW sensors in delay path configuration, the devices were mounted on a custom designed PCB and below a PDMS cell that contains the liquid under test. A 12 mm  12 mm  5 mm miniature PDMS chamber with a central reservoir of 7.6 mm  2.3 mm  5 mm and a volume of 90 µl was mounted on top of the SAW sensors to contain the liquids under test using Perspex clamps. This arrangement, shown in Figure 2 , provided a leak-free mounting while enabling easy chamber removal for device cleaning.
Insert Figure 2 Although measuring the SAW attenuation and phase velocity changes provides a simple and easy method of detergent characterization, real-time monitoring and processing these characteristics require complex circuitry not suitable for low-cost integrated sensor systems. By placing the SH-SAW sensor as a resonating element in the feedback loop of a radio-frequency amplifier, the circuit will oscillate at a frequency set by the sensor if the gain and phase conditions of the feedback loop are satisfied [38] . This allows the indirect measurement of changes in the SAW attenuation and phase velocity with great precision in a continuous manner.
For detergent characterization utilizing SAWR sensors in oscillator configuration, a miniature PDMS chamber with two reservoirs of volume  104 µl was mounted on the devices using plastic clamps. The two reservoirs were connected with a microchannel to allow the liquid samples to pass from one sensor to the other (Figure 3(a) ).
The liquid cell is positioned accurately over the sensing area between the IDTs with the aid of guiding pins that fit into holes in the PCB and rests on the device without any sealant. This enables easy removal of the cell to clean the device and yet hold the liquid samples without leaking. The complete sensing device setup is shown in Figure 3 (b).
Insert Figure 3 
Experimental
The experimental procedure for SAWR sensors in delay path configuration involved the measurement of the attenuation and phase characteristics of both the shorted and the free devices using an Agilent E50718 network analyzer. In this, an electrical signal is fed from one Scientific Ltd, UK) was constructed for detergent measurements. The components were chosen based on their chemical inertness. The measurements were taken at a controlled temperature (22 ±0.1 ºC) and the test sequence of the samples was randomized to minimize any aging or memory effects. The temperature and humidity of the measurement setup was monitored using a digital temperature and humidity sensor (SHT75, Sensirion AG, Switzerland). The sensor surfaces were cleaned before each measurement using a wash cycle with the baseline solution.
Insert Figure 4 For the SAWR sensors in oscillator configuration, a similar experimental setup was used, however, instead of the micro diaphragm pump, a nanolitre accuracy pulsation-free syringe pump (neMESYS, cetoni GmbH, Germany) was used for analyte delivery. The measurements were taken at a controlled temperature (35 ±0.1 ºC) in an incubator.
The temperature coefficient of frequency (TCF) of the LiTaO 3 substrates was measured with the SH-SAW sensor and the E5071B ENA RF Network Analyzer (300 kHz to 8.5 GHz). The sensor was loaded with baseline solution (NaOH and KOH with 65 and 22 ppb concentrations) at room temperature using an automated system. The temperature was changed between ambient to about 60°C with the aid of a commercial Dri-Bloc™ (DB-2D) heater.
The experimental results obtained with the frequency shift on the free resonator in the range 55
to 65 MHz at the minimum attenuation of the device showed that the TCF computed from the results to be approximately -32 ppm/°C on the delay line.
Results and discussion 3.1. Delay path configuration results
After the initial characterization of the devices, experiments were carried out in order to discriminate between the different detergent samples. Aqueous solutions of sodium dodecylbenzene sulfonate (SDBS), sodium laureth sulphate (SLS) and Octylphenol ethylene oxide condensate (Triton X-100) with 100 ppm concentration were prepared in a baseline solution (NaOH and KOH with 65 and 22 ppb concentrations). The baseline solution was used as the reference and the setup temperature regulated at 22 ± 0.1°C. The measurements were repeated by randomly introducing the samples to the sensors. The sensing surface was cleaned before every measurement using a wash cycle of baseline solution.
Simple discrimination of the different liquid samples could be achieved plotting just two of the four acoustic parameters, i.e. the attenuation of the shorted device vs. the attenuation of the free device as shown in Figure 5 .
Insert Figure 5 However sample separation could be further improved by employing more parameters in a principal components analysis (PCA) which is a linear, nonparametric multivariate method (see Figure 6 ). The principal components or scores were calculated from all four measured sensor characteristics: the attenuation (in dB) and phase difference (in degrees) of both the free and the shorted SAW sensors.
Insert Figure 6 These preliminary tests suggest that is possible to discriminate between different surfactants using a SAWR based sensor system. They also show that both the mechanical and electrical properties of the liquids are important in the discrimination of the liquids. As the theory predicted, the difference in conductivity separates out the SDBS from the SLS (free device) from the baseline whereas only the shorted device can separate out the Triton X-100 from the baseline. The relative separation of the clusters in PCA space also indicates that the conductivity term is larger than the density/viscosity one and is consistent with the basic theory (equations 14 and 15) and our measured liquid parameters (Table 1) . However both terms are need to discriminate between different liquids as demonstrated by the cluster plot shown in Figure 5 .
Oscillator configuration results
Further experiments were performed on the SAWR devices in a resonator configuration, in order to quantify the different concentrations of detergents. Aqueous solutions of sodium dodecylbenzene sulfonate (SDBS), sodium laureth sulphate (SLS) and octylphenol ethylene oxide condensate (Triton X-100) with concentrations between 10 and 100 ppm were prepared in baseline (NaOH and KOH with 65 and 22 ppb concentrations). Baseline was again used as the reference liquid and the setup temperature regulated at 35 ± 0.1°C. The measurements were repeated by randomly introducing the samples to the sensors. The sensing surface was cleaned before every measurement using a wash cycle of baseline solution. Measurements were carried at a flow rate of 0.6 ml/min. Baseline solution was used as a carrier liquid and controlled at a constant flow rate. A total of 3 ml of the sample liquid was injected into chamber at 0.6 ml/min. Insert Figure 7 The concentrations of the detergents solutions used here are comparable to those used in a practical washing application. Nevertheless further dilution tests have been performed to determine the SH-SAW sensors limit of detection. Figures 8 and 10 show that it is possible to measure solutions above ca. 20 ppm for both SLS and Triton X-100 solutions. In contrast, Figure 9 shows that for SDBS solutions it is possible to measure concentrations above only 30 ppm.
Insert Figures 8, 9 and 10.
In each of the Figures from 8 to 10, a linear model in ppv x has been fitted to the experimental data based upon the theory given by equation (15) for similar liquids. The actual frequency response for Triton X-100 is perhaps larger than expected but, when considering Table 1 , it can be seen that this compound changes its viscosity by a factor of more than 2 unlike SLS and SDS; so the large change in viscosity compensates for the negligible change in ionic conductivity.
Transient response of SAWR detergent sensors
It has been shown elsewhere that the response of polymer-based chemical sensors can be approximated by a first-order exponential model [39] . Similarly, the frequency response of the SH-SAWR sensors can be simply expressed in terms of the rise time as shown in equation (17):
where f max is the frequency shift and τ is the rise time. After rearranging equation (17) detergents. There appears to be a correlation with the viscosity of the liquid (see Table 1 ) and the response time with the more viscous liquid (i.e.Triton X-100) having the slowest response time.
Insert Figure 11 This approach is used to compare the response times of different detergents. Figure 12 shows the effect of velocity on the growth coefficient (i.e. rise time) of the sensors.
Insert Figure 12 Results showing the discrimination of different liquid samples using a scatter plot of frequency shift of free SAWR (dB) against the rise time (τ), are given in Figure 13 .
Insert Figure 13 This shows that a single free SAWR device should be capable of not only discriminating between different detergents but also determining their concentration through the use of the transient response.
Conclusions
A sensing system based on liquid phase surface acoustic wave (SAW) devices has been We believe that the practical application of the SAW sensor will require additional measures to ensure repeatability and reliability. For example, although the wash temperature is controlled, there will be some variation in its precise value, and piezoelectric sensors are sensitive to operating temperature. Therefore, it will be necessary to compensate the output of the SAW sensor according to the actual wash temperature with an accuracy of about ±0.2ºC. Furthermore, the precise detergent concentration may change with time depending on the mixing efficiency and wash conditions. Sampling at 100 Hz is possible and so the signals can be averaged and filtered to improve repeatability and enhance the signal to noise ratio (that in itself appears to depend upon acoustic load).
In conclusion, we have shown that a SAW based sensor system can be used to determine the concentration of surfactants and detergents in water. This low cost and robust sensor system could be used to design a new generation of greener and smarter washing machines, i.e. domestic appliances that use less detergent, less water and hence less energy. We believe that having successfully conducted a feasibility study demonstrating the ability of smart SAW microsensors to detect synthetic samples of liquid detergents with varying concentrations in a washing machine, more work is now needed to explore the effect of different formulations and commercial brands of detergents.
